The Arabidopsis ABI1 and ABI2 genes encode two protein serine/threonine phosphatases 2C (PP2C). These genes have been originally identi®ed by the dominant mutations abi1±1 and abi2±1, which reduce the plant's responsiveness to the hormone abscisic acid (ABA). However, recessive mutants of ABI1 were recently shown to be supersensitive to ABA, which demonstrated that the ABI1 phosphatase is a negative regulator of ABA signalling. We report here the isolation and characterisation of the ®rst reduction-of-function allele of ABI2, abi2±1R1. The in vitro phosphatase activity of the abi2±1R1 protein is approximately 100-fold lower than that of the wild-type ABI2 protein. Abi2±1R1 plants displayed a wildtype ABA sensitivity. However, doubly mutant plants combining the abi2±1R1 allele and a loss-offunction allele at the ABI1 locus were more responsive to ABA than each of the parental single mutants. These data indicate that the wild-type ABI2 phosphatase is a negative regulator of ABA signalling, and that the ABI1 and ABI2 phosphatases have overlapping roles in controlling ABA action. Measurements of PP2C activity in plant extracts showed that the phosphatase activity of ABI1 and ABI2 increases in response to ABA. These results suggest that ABI1 and ABI2 act in a negative feedback regulatory loop of the ABA signalling pathway.
Introduction
Abscisic acid (ABA) plays a major role in various aspects of plant growth and development (reviewed by Davies and Jones, 1991; Koornneef et al., 1998; Zeevaart and Creelman, 1988) . In vegetative tissues, ABA mediates adaptive responses to abiotic environmental stresses. In particular, during drought, ABA promotes stomatal closure and prevents stomatal opening, thus reducing transpirational water loss. During late embryogenesis, ABA promotes the acquisition of desiccation tolerance and seed dormancy, and it inhibits seed germination. The regulation of stomatal aperture occurs through rapid ABA alteration of ion transport in guard cells, while most other physiological responses to ABA involve changes in gene expression. Substantial progress has been made in the characterization of the ABA signal transduction cascades (reviewed by Bonetta and McCourt, 1998; Busk and Page Á s, 1998; Leung and Giraudat, 1998; MacRobbie, 1998) . In particular, ABA signalling appears to involve a complex network of both positively and negatively regulating kinases and phosphatases.
Broad-range protein kinase antagonists such as K-252a inhibited ABA-induced stomatal closing in multiple species (Allen et al., 1999; Hey et al., 1997; Schmidt et al., 1995) . K-252a also inhibited the ABA activation of various target genes in pea epidermal peels (Hey et al., 1997) and tomato hypocotyls (Wu et al., 1997) . These results underline the importance of protein kinases as positive regulators of ABA action. However, other observations indicate that ABA signalling is also controlled by negatively acting protein kinases. For instance, the application of protein kinase inhibitors was able to restore ABA responses in the guard cells of ABA-insensitive abi1±1 transgenic (Armstrong et al., 1995) or mutant (Pei et al., 1997) plants.
Progress has been made recently in the identi®cation of protein kinases involved in ABA action. Functional evidence supports that the guard cell-speci®c protein kinase AAPK is essential for ABA-induced stomatal closing (Li et al., 2000) , and that the protein kinase PKABA1 (GomezCadenas et al., 1999) as well as calcium-dependent protein kinases (Sheen, 1996) act in ABA regulation of gene expression. ABA activation of additional types of protein kinases has been found in barley aleurone protoplasts (Knetsch et al., 1996) and in pea epidermal peels (Burnett et al., 2000) .
ABA signalling is also regulated by diverse serine/ threonine protein phosphatases. Protein phosphatases that dephosphorylate serine and threonine residues are classi®ed into two super groups (Cohen, 1989) . The PPP family consists of type 1 (PP1), type 2A (PP2A) and type 2B (PP2B) phosphatases, which share sequence homology in their catalytic domains and are sensitive to speci®c inhibitors. The second group consists of the type 2C (PP2C) enzymes that are unrelated in sequence to the catalytic subunits of the PPP family, and for which no pharmacological inhibitor is currently available.
Okadaic acid is an inhibitor of PP1 and PP2A. Okadaic acid enhanced ABA-induced stomatal closing in fava bean (Schmidt et al., 1995) and in pea (Hey et al., 1997) but, in contrast, it partially inhibited ABA-induced stomatal closing in Arabidopsis (Pei et al., 1997) . Okadaic acid reduced ABA-induced gene expression in pea epidermal peels (Hey et al., 1997) and in cereal aleurone (Kuo et al., 1996) . However, in tomato hypocotyls, okadaic acid was able to activate ABA-responsive promoters in the absence of ABA (Wu et al., 1997) . It is thus likely that ABA action is modulated by both positively and negatively acting PP1/ PP2A enzymes, and that the pharmacological modi®cation of these two antagonistic classes of phosphatases is quite dependent on the experimental conditions used. In addition, ABA responses in pea epidermal peels were reduced by cyclosporin A, an inhibitor of PP2B (Hey et al., 1997) .
The possible involvement of PP2C enzymes in ABA signalling was initially suggested by the characterization of the ABA-insensitive abi1±1 and abi2±1 mutants of Arabidopsis (Koornneef et al., 1984) . These two mutations led to pleiotropic phenotypic alterations including ABAresistant seed germination and seedling growth, reduced seed dormancy and abnormal stomatal regulation (Allen et al., 1999; Finkelstein and Somerville, 1990; Koornneef et al., 1984; Leung et al., 1997) . The ABI1 and ABI2 genes encode homologous PP2Cs, and the abi1±1 and abi2±1 mutants carry the same amino acid substitution at equivalent positions in the ABI1 and ABI2 PP2C domains, respectively (Leung et al., 1994; Leung et al., 1997; Meyer et al., 1994; Rodriguez et al., 1998a) . However, because the abi1±1 and abi2±1 mutations are dominant (Koornneef et al., 1984; Leung et al., 1997) , it was impossible to conclude from the phenotypes of these mutants whether the wild-type ABI1 and/or ABI2 proteins actually contribute to ABA signalling.
No abi1 or abi2 mutant allele was recovered in a reverse genetic screen of 70 000 Arabidopsis lines harbouring either T-DNA (Bechtold et al., 1993) or transposon (Tissier et al., 1999) insertions (our unpublished results). However, we recently isolated loss-of-function alleles of the ABI1 gene as intragenic revertants of the abi1±1 mutant (Gosti et al., 1999) . These intragenic revertants were more responsive to ABA than wild-type plants. These results thus provided genetic evidence that the wild-type ABI1 phosphatase is a negative regulator of ABA responses (Gosti et al., 1999 ). This conclusion is consistent with the observation that constitutive overexpression of ABI1 inhibited ABA action in maize protoplasts (Sheen, 1998) .
In this study, we isolated an intragenic revertant of the abi2±1 mutant. Genetic and molecular analyses indicate that this revertant (abi2±1R1) is a reduction-of-function allele of ABI2 which encodes a protein with approximately 100-fold lower phosphatase activity than the wild-type ABI2 protein. The abi2±1R1 mutant displayed ABA sensitivity similar to that of the wild type. However, in the presence of loss-of-function alleles of ABI1, the abi2±1R1 allele did enhance ABA responsiveness. These data indicate that the wild-type ABI2 phosphatase is a negative regulator of ABA action, and that the homologous ABI1 and ABI2 phosphatases play partially redundant roles in controlling ABA responsiveness. Finally, we provide evidence that ABA enhances the PP2C activity of ABI1 and ABI2 in planta. These results suggest that ABI1 and ABI2 act in a negative feedback regulatory loop of the ABA signalling pathway.
Results

Isolation of the abi2±1R1 revertant line
Stomata of the abi2±1 mutant fail to close in response to ABA (Pei et al., 1997; Roelfsema and Prins, 1995 ; see also Figure 1c ). As a consequence, under conditions of water stress, abi2±1 plants are unable to reduce their transpirational water loss (Koornneef et al., 1984; Leung et al., 1997) . Evapo-transpiration is the major component in the energy balance of the leaf. Stomatal closure thus results in a rapid warming of the leaf surface, which can be conveniently detected by infrared thermography Raskin and Ladyman, 1988) . Thermal imaging revealed that the leaf temperature of drought-stressed abi2±1 plantlets was 1±1.5°C lower than that of wild-type plantlets (Figure 1a,b) .
Seeds homozygous for the abi2±1 mutation were treated with ethyl methanesulphonate (EMS), and the M 2 population was screened for mutants showing a reversion of the stomatal phenotype of abi2±1. M 2 plantlets were subjected to drought stress, and examined by thermal imaging. Individuals with a higher leaf temperature than abi2±1 were selected. From an estimated total of 480 M 1 plants and 9600 M 2 individuals screened, we ®nally retained four independent (originating from distinct pools of M 1 plants) lines that showed a signi®cant reversion of the abi2±1 phenotype in the M 3 generation.
Among these mutant lines, only one displayed a complete reversion of the abi2±1 stomatal defect. This line was subsequently found to be an intragenic revertant of abi2±1 (see below). Hence, according to the nomenclature standards recommended by Meinke and Koornneef (1997) , this mutant was named abi2±1R1 to indicate that this novel allele of ABI2 contains the abi2±1 mutation and a suppressor mutation (R1). Drought-stressed abi2±1R1 plantlets had a wild-type leaf temperature (Figure 1a, b) , and abi2± 1R1 stomata had a wild-type responsiveness to ABA ( Figure 1c) . Furthermore, the abi2±1R1 line also showed a complete reversion of the ABA-resistant seed germination phenotype of abi2±1 (Figure 2 ).
Genetic and molecular characterization of abi2±1R1
The abi2±1R1 line was backcrossed to abi2±1. The resulting F 1 seeds were resistant to ABA, and the F 2 seed from selffertilized F 1 plants showed 3 : 1 segregation for the ABAresistant phenotype (Table 1 ). These data indicate that the ABA-sensitive phenotype of abi2±1R1 is due to a monogenic and recessive suppressor mutation. To test linkage between this suppressor mutation and the abi2±1 mutation, abi2±1R1 was outcrossed to the wild type. Out of approximately 12 000 F 2 seeds tested, none was resistant to 3 mM ABA. This result indicated that the suppressor mutation was very tightly linked to the abi2±1 mutation, and most likely located within the ABI2 gene itself. Sequence analysis of the ABI2 gene revealed that the abi2±1R1 line indeed contains the original abi2±1 mutation (converting Gly-168 to Asp; Leung et al., 1997; Rodriguez et al., 1998a) together with an additional missense muta- tion in the ABI2 coding region. This suppressor mutation (R1) is a G-to-A transition at nucleotide 606 in the ABI2 cDNA sequence (EMBL accession number Y08965), which converts Glu-186 to Lys.
Recombinant proteins that consisted of glutathione Stransferase (GST) fused to the wild-type or mutant forms of the ABI2 protein were produced in Escherichia coli, and their PP2C activity was assayed in vitro using 32 P-labelled casein as substrate (Figure 3 ). In agreement with previous studies (Leung et al., 1997; Rodriguez et al., 1998a) , the abi2±1 mutation alone reduced the phosphatase activity of ABI2 by approximately 10-fold (from 664 to 43 pmol Pi released/s mg ±1 ). The speci®c activity of the abi2±1R1 protein corresponding to the revertant allele was further reduced to 4.3 pmol Pi released/s mg ±1 .
Hence, the various genetic and molecular data described above indicate that abi2±1R1 is a reduction-of-function allele of ABI2 which encodes a protein with approximately 100-fold lower phosphatase activity than the wild-type ABI2 protein.
Analysis of the abi1±1R4 abi2±1R1 double mutant
The various intragenic revertants of abi1±1 described by Gosti et al. (1999) are supersensitive to ABA in both seeds and vegetative tissues. In contrast, abi2±1R1 displayed wild-type ABA responses in germination ( Figure 2 ) and stomatal bioassays (Figure 1) . Hence, the marked reduction of ABI2 PP2C activity had no detectable effect on ABA action in abi2±1R1. This result suggested that either the ABI2 phosphatase does not normally contribute to ABA action, or alternatively that the impact of a reduction of ABI2 PP2C activity on ABA responses is masked in abi2± 1R1 plants by the activity of other PP2Cs including ABI1. To test the latter possibility, we constructed double mutant lines that contained reduction-of-function alleles at both the ABI1 and ABI2 loci. The resulting double mutants abi1± 1R4 abi2±1R1 and abi1±1R5 abi2±1R1 combine the abi2± 1R1 allele described here with either the abi1±1R4 or the abi1±1R5 alleles described by Gosti et al. (1999) .
At all ABA doses tested, stomata of the abi1±1R4 abi2± 1R1 double mutant were more closed than stomata of abi1±1R4 (Figure 4) . Furthermore, the ABA dose needed to achieve 50% of maximal closure was 3±4 times lower for abi1±1R4 abi2±1R1 than for abi1±1R4. These data indicate that, in the abi1±1R4 mutant background, the abi2±1R1 allele does enhance ABA responsiveness in stomata.
Germination of abi1±1R4 seeds is supersensitive to exogenous ABA (Gosti et al., 1999) . In dose response analyses of germination inhibition we did not detect any reproducible difference between the ABA sensitivities of abi1±1R4 and abi1±1R4 abi2±1R1 (data not shown). Seeds of the abi1±1R4 mutant also display increased dormancy, which is indicative of enhanced responsiveness to endogenous ABA (Gosti et al., 1999) . The dormancy of abi2±1R1 seeds was similar to that of wild-type seeds (data not shown). However, seeds of the abi1±1R4 abi2±1R1 double mutant were markedly more dormant than abi1±1R4 seeds ( Figure 5 ). A similar difference was observed between abi1±1R5 abi2±1R1 double mutant and abi1±1R5 single mutant seeds (data not shown). These data indicate that, in the abi1±1R4 or abi1±1R5 background, the abi2±1R1 allele enhances responsiveness to endogenous ABA in seed.
The results described above support that the wild-type ABI2 phosphatase is a negative regulator of ABA action, and that the homologous ABI1 and ABI2 phosphatases play partially redundant roles in controlling ABA responsiveness. a Seeds were tested for their sensitivity to 3 mM ABA as described in Figure 2 . b Segregation data were evaluated with chi-squared goodness-of®t test using 3 : 1 segregation of the ABA-resistant phenotype as null hypothesis. Chi-squared value (c 2 ) and corresponding probability (P) are indicated. 
ABA enhances PP2C activity in planta
Thus far, the effect of ABA on PP2C enzymatic activity in planta has not been reported. In plants, as in animals, PP2Cs differ from other serine/threonine protein phosphatases in that PP2Cs require Mg 2+ (or Mn
2+
) for activity and are insensitive to okadaic acid (Leung et al., 1997; MacKintosh et al., 1991; Smith and Walker, 1996) . Hence, PP2C activity can be assayed in plant extracts by measuring the Mg 2+ -dependent casein phosphatase activity in the presence of okadaic acid (MacKintosh et al., 1991; MacKintosh, 1993) . Figure 6 shows that wild-type Arabidopsis plantlets contained a detectable level of PP2C activity, and that this activity was enhanced by 45% in response to ABA treatment. Enzymatic assays on recombinant abi1±1R5 (Gosti et al., 1999) and abi2±1R1 (see above) proteins indicated that the abi1±1R5 abi2±1R1 double mutant is essentially devoid of PP2C activity originating from ABI1 and ABI2. In the absence of ABA, the level of PP2C activity was similar in abi1±1R5 abi2±1R1 plantlets and in wild-type ones. However, PP2C activity in abi1±1R5 abi2±1R1 plantlets increased by only 22% in response to ABA (Figure 6 ). These results indicate that in wild-type plantlets, the ABI1 and ABI2 phosphatases contribute to approximately 50% of the ABA-induced PP2C activity.
Discussion
We report here the isolation and characterization of the abi2±1R1 mutant, which is thus far the only reduction-offunction allele available for the ABI2 gene. The abi2±1R1 allele was isolated as an intragenic revertant of the ABAresistant abi2±1 mutation. Similar revertants (abi1±1R1 to abi1±1R7) had previously been described for the ABI1 gene (Gosti et al., 1999) . In both screens, intragenic revertants were recovered at a frequency of approximately one intragenic revertant per 500 M 1 plants, and all these revertants correspond to missense mutations in the PP2C domain of the ABI1 or ABI2 protein. As previously discussed (Gosti et al., 1999) , it is currently unclear why no nonsense alleles have been found in these screens. The suppressor mutation in abi2±1R1 does not correspond to any of the suppressor mutations in abi1±1R1 to abi1±1R7. Furthermore, in enzymatic assays using recombinant proteins, the PP2C activity of the abi2±1R1 protein was approximately 100-fold lower than that of the wild-type ABI2 protein, whereas the abi1±1R1 to abi1±1R7 proteins showed at least 1000-fold reductions in PP2C activity as compared to wild-type ABI1 (Gosti et al., 1999) . These data thus suggest that abi2±1R1 is possibly a weaker allele than abi1±1R1 to abi1±1R7.
Whereas the abi1±1R1 to abi1±1R7 mutants are supersensitive to ABA (Gosti et al., 1999) , the present abi2±1R1 mutant displayed a wild-type ABA sensitivity in the various bioassays tested. Nevertheless, the abi1±1R4 abi2±1R1 double mutant was more ABA responsive than abi1±1R4 alone. These data provide genetic evidence that ABI2 is a negative regulator of ABA action, and that ABI1 and ABI2 have overlapping functions. As discussed above, the absence of detectable ABA supersensitivity in the abi2± 1R1 single mutant may simply result from the relative leakiness of this mutant allele. Alternatively, it may indicate that ABI1 and ABI2 do not contribute equally to the control of ABA action. This possibility would be very much alike to, for instance, the situation described for the regulation of salt homeostasis in yeast by the PPZ1 and PPZ2 phosphatases. Deletion of PPZ1, but not of PPZ2, caused a noticeable increase in salt tolerance. However, the double disruption of PPZ1 and PPZ2 resulted in an additional increase in salt tolerance (Posas et al., 1995) .
At the molecular level, there are schematically two conceivable models for the mode of action of ABI1 and ABI2 as negative regulators of ABA signalling. A ®rst model would postulate that, in the absence of ABA, the phosphatase activity of ABI1/ABI2 represses the response, and that ABA triggers the physiological response by inhibiting the catalytic activity of ABI1/ABI2. However, by measuring PP2C activity in extracts from wild-type and abi1±1R5 abi2±1R1 plantlets, we obtained evidence to the contrary that ABA enhances the activity of ABI1/ABI2. Hence, available data rather support a second model in which the ABI1/ABI2 phosphatases act in a negative feedback regulatory loop of the ABA signalling pathway (Figure 7 ). This loop might be responsible for resetting the ABA signalling cascade, thereby allowing the cell to continuously monitor the presence or absence of ABA. The abundance of the ABI1 and ABI2 mRNAs increases in response to ABA (Leung et al., 1997) . Further studies are needed to determine whether ABA-induction of ABI1/ABI2 PP2C activity also involves translational and/or posttranslational regulations.
Whereas there are only ®ve PP2Cs in the yeast Saccharomyces cerevisiae (Cheng et al., 1999) , the sequences currently available in public databases indicate that there are over 30 PP2C-like genes in Arabidopsis. Besides ABI1 and ABI2, the only other Arabidopsis PP2C for which a substantial functional analysis has been performed is KAPP (for kinase-associated protein phosphatase). KAPP acts as a negative regulator of the CLAVATA1 signal transduction pathway that controls meristem development (Stone et al., 1998) . Analysis of the abi1±1R5 abi2±1R1 double mutant showed that only 50% of the PP2C activity induced by ABA in planta can be attributed to ABI1 and ABI2. This observation would suggest that additional Arabidopsis PP2Cs participate in regulating ABA responsiveness. Available evidence points to AtPP2C (Kuromori and Yamamoto, 1994) and AtP2C-HA (Rodriguez et al., 1998b) as likely candidates. Like ABI1 and ABI2 mRNAs, the AtP2C-HA mRNA is upregulated by ABA (Rodriguez et al., 1998b) . As for ABI1, overexpression of , abi2±1R1 (open triangles) and abi1±1R4 abi2±1R1 (closed circles) were plated on 0.8% agar in water, chilled for 1 day at 4°C in darkness and incubated at 21°C with a 16 h light photoperiod. The number of germinated seeds at a given time was expressed as the percentage of the total number of seeds plated (70±80). In simultaneous experiments in which seeds from the same batches were ®rst chilled for 5 days at 4°C in darkness to break dormancy, all genotypes displayed a 100% germination after 4 days at 21°C (data not shown). Similar results were obtained in two independent experiments. Figure 6 . PP2C activity in plant extracts. Plantlets were grown in vitro for 2 weeks on agar medium without ABA. They were then incubated for 3 h in liquid medium with or without 60 mM ABA. PP2C activity present in plantlet extracts was assayed in vitro using 32 P-labelled casein as substrate. PP2C activity is expressed in fmol of 32 AtPP2C inhibited ABA action in maize protoplasts (Sheen, 1998) . Hence, it would be of clear interest to isolate mutants for these two PP2C genes, and to analyse whether these plants are altered in ABA responsiveness.
The list of physiological functions and corresponding substrates proposed for PP2Cs spans a wide range. However, several of these roles are now well established and seem to be evolutionarily conserved. Certain PP2Cs are responsible for the dephosphorylation and consequent inactivation of cyclin-dependent protein kinases (Cheng et al., 1999) . The dephosphorylation and subsequent inactivation of AMP-activated/SNF1 protein kinases is also catalysed by PP2Cs (Sugden et al., 1999) . PP2Cs are negative regulators of various stress-activated MAP kinase pathways, where they directly dephosphorylate and inactivate protein kinases at several levels in the pathway (Meskiene et al., 1998; Nguyen and Shiozaki, 1999; Takekawa et al., 1998) . PP2Cs are thought to act in feedback regulatory loops of these stress-induced pathways, which is analogous to the scenario discussed above for ABI1/ABI2 in the ABA response pathway. Interestingly, there is evidence suggesting that MAP kinase(s) are involved in ABA action (Burnett et al., 2000; Knetsch et al., 1996) . Finally, in mammals PP2C is responsible for the rapid deactivation of the cystic ®brosis transmembrane conductance regulator (CFTR) chloride channel (Zhu et al., 1999) . Intriguingly, recent observations indicate that a CFTR-like channel participates in ABA regulation of stomatal closure (Leonhardt et al., 1999) . Hence, at this stage it appears dif®cult to predict with con®dence which type of proteins are the substrates of ABI1/ABI2. Furthermore, the large number of PP2C genes in Arabidopsis may indicate that individual PP2Cs have a narrower substrate speci®city than in other organisms. Experimental identi®cation of the endogenous substrates of ABI1/ABI2 is thus a necessary step to deepen our understanding of ABA signalling.
Experimental procedures
Plant materials and culture conditions
All the Arabidopsis lines used in this study are in the ecotype Landsberg erecta (Ler). The abi2±1 line used in this work carries the linked visible marker yellow in¯orescence (yi) (Koornneef et al., 1983) . The yi marker was used during the suppressor screen to easily distinguish wild-type individuals (YI + ) from ABA-sensitive revertants derived from our mutagenized abi2±1 population (yi ± ). We veri®ed that the yi mutant does not signi®cantly differ from Ler in the various assays for ABA sensitivity. Nevertheless, in all the phenotypic analyses presented here, yi was used as wild-type' control.
Plants were routinely grown in a greenhouse (22°C with a 16 h photoperiod) on soil irrigated with mineral nutrients. For aseptic growth, seeds were surface sterilized and plated on a medium containing the inorganic salts of Murashige and Skoog (1962) at half concentrations, 100 mg l ±1 myoinositol, 1 mg l ±1 thiamineHCl, 0.5 mg l ±1 nicotinic acid, 0.5 mg l ±1 pyridoxine-HCl, 1% sucrose, 0.8% agar, and 2.5 mM (2-[N-morpholino]ethanesulphonic acid)-KOH, pH 5.7. ABA (mixed isomers, Sigma) was diluted from 10 mM stock solutions prepared in methanol; equivalent volumes of methanol were included in the ABA-free controls. For dormancy assays, seeds were sown on plates containing only 0.8% agar in water.
Mutant screening abi2±1 seeds were mutagenized by imbibition in 0.4% (v/v) ethyl methanesulphonate (EMS) for 8 h at room temperature. After extensive washes with water to remove residual EMS, the mutagenized seeds (M 1 ) were sown and grown under standard greenhouse conditions. The M 2 seeds were harvested as 48 independent pools (each pool corresponding to approximately 10 viable M 1 plants). To screen for revertants of abi2±1, 10-day-old M 2 plantlets were subjected to drought stress for 4 days and examined by thermal imaging (see below). Individuals displaying a higher leaf temperature than abi2±1 plantlets were selected, and their phenotype was retested in the next (M 3 ) generation. Revertants originating from the same pool of M 2 seeds were assumed to be siblings, and only one representative was retained for further analysis.
Thermal imaging
Seeds were sown on soil and initially incubated for 3 days at 4°C in darkness to break seed dormancy. Plantlets were then grown in well-watered conditions (21°C, 60±70% RH, 16-h light photoperiod) for at least 8 days. Drought stress was initiated by withholding watering and transferring the pots to a drier atmosphere (24°C, 50% RH, 16 h light photoperiod). Thermal images were obtained using a Thermacam PM250 (Inframetrics, North Billerica, USA) infrared camera. Images were saved on a PMCIA card, and were subsequently analysed on a Macintosh using version 1.56 of the public domain image analysis program NIH Figure 7 . A model for the role of ABI1 and ABI2 in ABA signalling. ABI1 and ABI2 act in a negative feedback regulatory loop of the ABA signalling pathway. The phosphatase activity of ABI1 and ABI2 increases in response to ABA. ABI1 and ABI2 dephosphorylate an ABA signalling element that is active only in its phosphorylated form.
Image (available on the Internet at http://rsb.info.nih.gov/nihimage/).
Stomatal aperture bioassays
Plants were grown in sand watered with half-strength Hoagland's solution in a growth chamber (8 h light 250 mmol m ±2 s ±1 , 22°C; 16 h darkness, 20°C; 70% relative humidity). Leaves from 4-to 5-week-old plants were harvested in darkness at the end of the night (2 plants for each experiment). Paradermal sections of abaxial epidermis were placed cuticle up in Petri dishes containing 10 mM KCl, 7.5 mM K 2 IDA (potassium iminodiacetate) and 10 mM Mes-KOH, pH 6.15, and were incubated at 20°C (Leymarie et al., 1998) . ABA was added after 3 h illumination and stomatal apertures were measured 3 h later. ABA was dissolved in methanol. The ®nal methanol concentration in the solution never exceeded 0.002 v/v. The same amount of methanol was added to controls. Stomatal aperture were measured with an optical microscope (Optiphot-2, Nikon, Tokyo, Japan) ®tted with a`camera lucida' and a digitizing table (Houston instrument TG 1017, Austin, TX, USA) linked to a personal computer. Only ¢mature stomata', whose ostiole length was higher than one third the length of stoma were taken in account.
PP2C activities
Constructs expressing fusions between glutathione S-transferase (GST) and either the wild-type ABI2 protein (GST-ABI2) or the mutant abi2±1 protein (GST-abi2±1) have been described previously (Leung et al., 1997) . A cDNA fragment comprising the coding region of the abi2±1R1 mutant gene was generated by reverse transcription (RT)-PCR using the primers 5¢-GTTGAA-TTCTAATGGACGAAGTTTC-3¢ and 5¢-GTTGAATTCGAGAATTTTT-ACCCACCATC-3¢. The ampli®cation product was digested by EcoRI and cloned into the EcoRI site of pGEX-2TK (Pharmacia Biotechnology) to generate a fusion protein between GST and the abi2±1R1 protein (GST-abi21R1). The construct was veri®ed by sequencing. Recombinant proteins were expressed in the E. coli BL21 strain and were af®nity puri®ed on glutathione Sepharose 4B resin (Bertauche et al., 1996) . Protein phosphatase activity was determined by standard procedures, using 32 P-labelled casein as substrate (Bertauche et al., 1996; MacKintosh, 1993) Plantlets were extracted in 100 mM Tris±HCl, pH 7.5, 100 mM NaCl, 2 mM EDTA, 0.6% polyvinylpolypyrrolidone, 1% protease inhibitor cocktail (Sigma P9599) and 0.1% b-mercaptoethanol (MacKintosh et al., 1991) . After a 5 min centrifugation at 14 000 g, the supernatant was collected and the protein concentration was determined by the method of Bradford (1976) . Protein phosphatase activity was determined using 32 P-labelled casein as substrate. Phosphatase assays were performed in the presence of 5 mM okadaic acid (an inhibitor of PP1 and PP2A) and in the presence or absence of 20 mM Mg acetate. PP2C activity was calculated as the Mg-dependent phosphatase activity (MacKintosh et al., 1991; MacKintosh, 1993) .
